Two distinct mechanisms catalyzing glucoside uptake have been detected in E. coli K12. One of these has high stereospecificity for glucose and alkyl-aor alkyl-,3-glucosides,l and the second, for alkyl-jB-and aryl-,3-glucosides.2' 3 Lin and his collaborators4 5 have concluded that aMG is not actively transported, but is trapped intracellularly as the result of a phosphorylation reaction catalyzed by enzymes of the kinase system of Kundig, Ghosh, and Roseman.' Schaefler reported that ethyl-1-thio-f3-glucoside (TEG) was present intracellularly as a phosphorylated derivative when uptake was mediated by the mechanism responsible for aMG accumulation, but as the free glycoside when accumulated by the mechanism eliciting high specificity for aryl-f3-glucosides in a mutant which did not accumulate aMG.2 He concluded that the accumulation of TEG by cells in which both mechanisms for glucoside uptake were operative was mediated primarily by the one which catalyzed uptake of TEG in nonphosphorylated form. This conclusion implies that uptake by the phosphorylating mechanism does not involve equilibration of unphosphorylated substrates across the cell membrane, for such equilibration would allow the actively transported glucoside to exit. In contrast to Schaefler's observations, we find that 13-glucosides are accumulated solely as phosphorylated derivatives and present evidence that the sequence of reactions leading to 83-glucoside 
by an inducible, stereospecific species of enzyme II. In the next step, the phosphoryl-,B-glucoside, P-glu-O-R, is cleaved to yield phosphoryl glucose and the aglycone. The studies of Kennedy and Scarborough7 and of Hengstenberg, Egan, and M\1orse8 indicate a similar reaction sequence for the utilization of lactose by S. aureus.
Methods and Materials.-Tetraacetyl-TEG was synthesized by the method of Cerny et al. 9 and deacylated with barium methoxide.A' The synthesis of C"L-phenyl-1-thio-,3-Dglucoside tetraacetate was performed by Mallinckrodt Nuclear using a procedure developed in this laboratory. A mixture of 0.56 mmole of a-acetobromglucose (Pierce), 0.5 mmole of thiophenol, and 0.62 mmole of K2CO3 in 4.5 ml of 1:1 acetone-water was stirred at room temperature. After 30 min, 20 ml of cold water was added and the re-suiting solid was collected by filtration and recrystallized from dilute ethanol to afford an average yield of 93% (mp, 1180) . The tetraacetatewas deacetylated with barium methoxide, and TPG was crystallized from ethanol-CHCl3 in 96% yield (mp, 1360). Mallinckrodt Nuclear was the source of C'4-aMG and -TEG. All other chemicals were of commercial origin. Sugars were of the D-configuration unless otherwise indicated. Phosphoryl-PNPG was prepared by reacting 6 mmoles of PNPG (Pierce) and 7.5 mmoles of cyanoethyl phosphate (Mann) with 6 gm of dicyclohexylcarbodiimide (Aldrich) in 60 ml of anhydrous pyridine by the method of Tener.1" After standing for 2 days at room temperature, the pyridine was removed under vacuum at 400 and the residue boiled for 20 min in 600 ml of H20. The turbid solution was clarified by filtration, cooled to 500, and treated with 60 mmoles of LiOH. After 5 min, the solution was neutralized with hydrochloric acid, cooled to room temperature, and treated with an excess of BaBr2. The product was precipitated with 4 volumes ethanol and collected after standing for 16 hr at 4°. Barium salt (1.2 gm) was extracted successively with 5-ml portions of water. Those portions containing more than 5% of the total enzymatically active substrate were combined and passed through a column of Dowex-50 in the potassium form. This yielded 0.65 mmole of substrate contaminated with 0.35 mmole of inert P-PNPG. This procedure was also employed for the synthesis of phosphorylsalicin. The Table 1 . Culture conditions and extract preparation: Cells were grown at 37°with rotary agitation at 300 strokes/min in medium 631" containing 1% casamino acids (Difco) and 5 ug/ml of thiamine. Cultures of 50 ml growing in 300-ml flasks in log phase at 108 cells/ml were treated with glucose at 2%, or TPG or TEG at 0.1 mMAI and grown to 109 cells/ml. Cells were harvested at 10,000 X g, washed with 20 ml of M/10 potassium phosphate buffer at pH 7 containing 2 mM MgCl2, 2 mM 2-mercaptoethanol, and 100 ,g/ml of chloramphenicol, and resuspended in the same buffer. An aliquot was removed at this l)oint for assay of labeled glucoside uptake and glucoside hydrolysis by intact cells. The remaining cells were harvested, washed with 1% NaCi, resuspended in 5 ml of M/10 tris-HCl at pH 7.6 containing 2 mM 2-mercaptoethanol, and disrupted by a 2-min sonic irradiation.
Preparation of kinase system components: Cultures of 500 ml were grown in 2-liter flasks and treated for extract p)rel)aration esientially as described above. 
Species of enzyme II with high stereospecificity for glucose and alkylglucosides (Enz II-glu) or alkyl-,B and aryl-fl-glucosides (Enz II-p-gl), phospho-#-glucosidase B (PGase B), spontaneous mutant or revertant (spon.), nitrosoguanidine mutagenesis (NTG), obtained by phage P1 transduction (OP1), no activity or barely detectable activity (-), inducible activity (+), constitutive activity (c).
by a 3-hr centrifugation at 150,000 X g and resuspension in tris-mercaptoethanol buffer. Enzyme I + HPr was prepared from strain W1895D1. Assay of kinase system activities: The methods are essentially those described by Tanaka and Lin.4 Here, two components are added in excess, but not at saturation, affording a semiquantitative assay for the third. Units of activity cannot be expressed in absolute terms, but comparisons between isogenic strains can be made where the same preparation of the two components added in excess is employed. In the assay for aMG phosphorylation the 0.2-ml system contained 50 mM tris.HCl of pH 7.6, 10 mM PEP (tricyclohexylamine salt, Sigma), 10 mM KF, 50 MM MgCl2, 2 mM 2-mercaptoethanol, 0.25 mM C'2-TPG, 0.5 mM C14-aMG, 0.05 ml of a preparation of the kinase system components added in excess, and an appropriate amount of the extract to be assayed for the third. Incubations were for 10 min at 280. Reactions were terminated with 1 ml of 1 mM ethylenediaminetetraacetate (EDTA), and applied to 0.5 X 2.0-cm columns of Dowex-1-formate which were eluted successively with water and with 4 ml of 0.2 M HC H-0.5 M ammonium formate. The formate eluates were assayed for radioactivity by scintillation counting. In the assay for TPG phosphorylation, 0.25 mM C"-TPG and 1 mM C'2-aMG were substituted for the glycosides described above, and C"-phosphoryl-TPG was eluted in a volume of 12 ml. Units are m/Amoles of labeled glucoside phosphorylated per minute per milligram of protein. '6 Assay of glucoside uptake: For aMG uptake the 0.3-ml system contained 20 /Ag of chloramphenicol, medium 63, 10 mM NaN3, 0.1 mM C'4-aMG, and 1.5 X 108 cells. For TPG uptake, 0.1% casamino acids and 0.05 mM C'4-TPG were substituted for azide and aMG. All components but glucosides were incubated for 15 min at 280. Glucosides were added in a volume of 0.03 ml, and incubations were continued for an additional 15 min. Aliquots were collected on type-DA Millipore filters which were quickly washed with 1 Results.-f-Glucoside accumulation: Labeled f3-glucosides are accumulated and retained by cells as phosphorylated derivatives (Table 2) . Similar results were obtained with C14-TPG using cells of induced strains 1100 and 2100, and where incubations for uptake were for 30 seconds or 30 minutes. Using the conditions of growth and incubation described by Schaefler, who did not detect phosphate esters of TEG in strain W1895DlB-gl+c by acetone-ethanol extraction,2 over 90 per cent of the TEG accumulated by this strain was recovered in phosphorylated form by our extraction method.
A species of enzyme II with high specificity for f3-glucosides, II-f3-gl, was detected in extracts of those cells which accumulated TPG (Table 3 ). Mutants 2201 and 1103 which lack enzyme I activity in extracts do not accumulate either aMG or TPG. Strain 1103 has in addition lost the ability to be induced for enzyme II-,3-gl. The loss of this ability cannot be due to inaccessibility to TPG. When TPG was added to cell suspensions of strain 1103 at ice-bath temperature, and the cells were harvested immediately, the concentration of TPG in the cell pellet water was found to be identical to the concentration in the Cells of strain W1895Dl#-gl+c were incubated with 0.05 mM C1'4TPG or 0.1 mM C',-TEG for 1 min at 280, and collected on membrane filters as described in Methods. The filters were immediately plunged into boiling mM tris HCl at pH 9.0 and heated for 3 min. Cell debris was removed by centrifugation and assayed to assure complete extraction of radioactivity.
Aliquots of the supernatant solutions were incubated in the presence or absence of E. coli alkaline phosphatase and applied to columns of Dowex-1-formate. The columns were eluted, and radioactivity estimated as described in Methods. medium. Since inducibility was restored in enzyme I revertants to growth on fructose or mannitol, the defect in induction may be secondary to the loss of enzyme I activity. Strain W1895D1 and its f3-gl+ transductants do not accumulate aMG.2 Since enzyme I and HPr are required for the accumulation of both a-and 3-glucosides, it follows that the enzyme II for aMG phosphorylation, II-glu, should be defective in these strains (Tables 1 and 4) .
f-Glucoside hydrolysis: Enzymes I and II-,3-gl, PEP, and Mg++ ion are required for the hydrolysis of PNPG in extracts (Table 5) . In other experiments, no significant PNPG hydrolysis was detected when the 1104 supernatant fraction was treated with charcoal to remove HPr. The factor adsorbed to charcoal was present in extracts of strain 1000, but not in extracts of the HPr mutant 1101. Synthetic P-PNPG was cleaved under conditions where PNPG was not (Table  6 ). The hydrolysis of P-PNPG is linear with respect to time and extract concentration. Product analysis showed that glucose-6-P and nitrophenol were released in near equivalence (Table 7) . Schaefler has shown independently that that phosphoryl-f3-glucosides are required for f3-glucosidase activity in extracts of A. aerogenes. '1 Two distinct phospho-,3-glucosidases are present in E. coli extracts. One of these, phospho-B-glucosidase A, is formed constitutively by both f-gl-and f3-gl+ strains (Table 8 ). The second, phospho-f3-glucosidase B, is apparently under the control of the same regulator gene as enzyme II-3-gl. Phospho-3-glucosidase A does not cleave P-salicin and is thus easily distinguished from phospho-,3-glucosidase B. Neither enzyme sediments with the membrane 10 mM PEP, 1.5 mM PNPG, 0.1 ml of a high-speed supernatant fraction from an extract of TEG-induced strain 1104, and enzyme II as 0.02 ml of a membrane fraction from strain W1895D1 frBgl +c prepared as described in Methods in a total volume of 0.5 ml. Where substitutions were made, protein concentrations and methods of preparation were identical. Reactions were terminated after 10 min at 280 by trichloroacetic acid addition and the precipitate removed by centrifugation. Aliquots of the supernatant solutions were made alkaline with K2CO3, and release of p-nitrophenol was determined at 420 mrn. The complete system contained 50 mM potassium phosphate buffer of pH 7.6, 1 mM EDTA, 1 mM 2-mercaptoethanol, 0.14 ;&mole of P-PNPG, and 15 ;&g of protein from an extract of strain 2201 which had been stored at -20°for 1 month, in a final volume of 0.3 ml. Reactions were initiated with enzyme and held at 280. After 5 min, 0.7 ml of M K2CO3 was added and the absorbance at 420 m;& was compared with that of controls where the 2201 extract was added after K2CO3. In reaction 3, P-PNPG was incubated for 10 min with 2 mg of intestinal alkaline phosphatase prior to the addition of the 2201 extract. Glucose-6-P (m~pmoles) 234 3
The complete system contained 50 mM potassium phosphate buffer at pH 7.6, 1 mM EDTA, 1 mM 2-mercaptoethanol, 0.35 umole of enzymatically active P-PNPG, and 60 pig of protein from an extract of strain 2201 in a total volume of 1.0 ml. The reaction was initiated with addition of enzyme or substrate and held at 280 for 30 min. The reaction vessels were then sealed and placed in boiling water for 5 min. Measured aliquots were analyzed for p-nitrophenol as in Table 6 and for glucose-6-P.17 activity, but intact cells of these strains were defective in the hydrolysis of both PNPG and salicin. Strain 1104, unlike its parent 1100, is constitutive for phospho-fl-glucosidase B. Spontaneous f3-gl+ revertants of 1104 resembled 1100 or were weakly constitutive for the enzymes of the f3-gl system. Properties of strain 1103: Strain 1103 is identical to the parent 1100 with respect to growth rate and yield on L-a-glycerophosphate and glucose-6-P in medium 63, but grows poorly in medium 63 containing L-arabinose, and not at all in medium 63 supplemented with 0.5 per cent arbutin, salicin, maltose, galactose, glycerol, mannose, glucose, sorbose, sorbitol, fructose, mannitol, or lactose. When lactose was added to cultures of 1100 growing on casein hydrolysate, the growth rate was stimulated. When 1103 was treated in identical fashion, the growth rate was depressed, and,8-galactosidase and the lactose transport system were induced to approximately one-sixth the levels exhibited by 1100 under identical conditions. In contrast, j3-galactosidase and the lactose transport system were induced to wild-type levels when 1103 was grown in medium 63 containing methyl-f3-thiogalactoside (TMG). Lactose produced severe growth stasis when added to a culture of 1103 growing on casein hydrolysate supplemented with TMG. Maltose, fructose, mannitol, sorbose, sorbitol, galactose, glycerol, mannose, and glucose, which stimulated growth of 1100, also inhibited growth of 1103 on casein hydrolysate.
When cells of 1103 were grown on casein hydrolysate supplemented with galactose, galactokinase was induced to 40 per cent of the fully induced wildtype activity. When 1103 was plated on galactose-minimal agar, each cell gave rise to a clone after an incubation period of three to five days, indicating that the cells are able to adapt to growth on galactose. Attempts to study this phenomenon in liquid culture were frustrated by the appearance of revertants which had regained enzyme I activity and grew faster on galactose than the mutant population. Reversion of the mutational defect in 1103 occurred at a rate of about 10-8, as indicated by the appearance of colonies on mannitolminimal agar. The enzyme I activity of a number of these revertants had altered heat stability, providing strong evidence that 1103 carries a mutation in the structural gene for enzyme I.
Discussion and Summary.-Our studies indicate that j3-glucosides are trapped intracellularly in an enzyme II-mediated phosphorylation reaction and are retained against a concentration gradient only in phosphorylated form. The phosphorylated g-glucosides are cleaved directly yielding phosphorylglucose and the aglycone. No mechanism for the retention of unmodified fl-glucosides or their hydrolysis was detected. These data support the general model of Tanaka and Lin, who proposed that the enzyme II-linked retention of molecules is associated with a metabolic event, as distinguished from an active mode of transport.
The process by which f3-glucosides penetrate the membrane barrier has not been accounted for, but should be considered in terms of the equilibration of TPG between the medium and cell water of the enzyme I mutant 1103, which lacks enzyme II-3-gl activity in extracts. If a carrier-mediated process is assumed to be operative, two hypotheses can be advanced to explain this equilibration. (1) The constitutive enzyme II activities which have been detected in E. coli for at least 16 compounds'9 may emanate from distinct species of enzyme II which have cross-specificity for carrier function, but little for phosphorylation. (2) The carrier element is distinct from the enzymes II.
The properties of strain 1103 suggest that enzyme I plays some role in the catabolism of compounds such as lactose and galactose, distinct from their accumulation. Lin and his collaborators observed no growth defect for lactose and galactose, with enzyme I mutants of A. aerogenes and E. coli.4' 5 The A. aerogenes mutant was phenotypically leaky, and the E. coli mutant, strain MM16, is leaky for enzyme I activity by our assay technique. These differences between Lin's results and ours may indicate that a low level of enzyme I activity is required for optimal growth on a number of carbohydrates which are not phosphorylated by an enzyme II. On the other hand, certain mutations may render enzyme I inactive for HPr phosphorylation, but leave it active in some other indispensable role. It is also possible that the strains used here carry other mutations which make enzyme I function obligatory for the rapid utilization of sugars. A comprehensive comparison of various types of enzyme I mutants, including both leaky and nonleaky point mutants and deletion mutants, would help clarify the role of enzyme I in sugar metabolism.
